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(57) Abstract: The invention provides novel lithium-mixed metal materials which, upon electrochemical interaction, release lithium 
^ ions, and are capable of reversibly cycling lithium ions. The invention provides a rechargeable lithium battery which comprises an 
electrode formed from the novel lithium-mixed metal materials. Methods for making the novel lithium-mixed metal materials and 
methods for using such lithium-mixed metal materials in electrochemical cells are also provided. The lithium-mixed metal materials 
^ comprise lithium and at least one other metal besides lithium. Preferred materials are lithium-mixed metal phosphates which contain 
l^" lithium and two other metals besides lithium. 
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LITHIUM-BASED ELECTROCHEMICALLY ACTIVE MATERIALS AND PREPARATION THEREOF 

Field of the Invention 

5 This invention relates to improved materials 

usable as electrode active materials and to their • 
preparation. 

Background of the Invention 

Lithium batteries are prepared from one or more 
10 lithium electrochemical cells containing 

• electrochemically . active (electroactive) materials. Such 
cells typically include an anode (negative electrode) , a 
cathode (positive electrode) , and an electrolyte 
interposed between spaced apart: positive and negative 
15 electrodes . Batteries with anodes of metallic lithium 

and containing metal chalcogenide cathode active material 

- 

are. known. The electrolyte typically comprises a salt of 
lithium dissolved in one or more solvents, typically 
nonaqueous (aprotic) organic solvents. Other 

20 electrolytes are solid electrolytes typically called 
polymeric matrixes that contain" an ionic conductive 
medium, typically a metallic powder or salt-, in 
combination with a polymer that itself may be ionically 
conductive which is electrically insulating. By 

25 convention, during discharge of the cell, the negative 
electrode of the cell is defined as the anode. Cells 
having a metallic lithium anode, and metal chalcogenide 
cathode are charged in an initial condition. During 
discharge, lithium ions from the metallic anode pass 

30 through the liquid electrolyte to the electrochemical 
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■ i ' «-F the cathode whereupon 

» - r;JJ".=ri:."- r 

iithium metal anode with an « oxide . 

• Carbon an ° deS ' 5 f s such negative electrodes are used 
insertion materials. Such J catnodes , in order to 

with lithium- containmg rnsert Such cells , in 

for m an electroactive In orde r to be 

10 an initial condxtxon, are no must 

be charged in order to "ansf . discharge the 

lithium is transferred rscharge , the lithium is 

„ cathode. During a subsequent recha rg - ■ upon 
transterred bach to the anod '^J^^ ions (L r , 
subsequent charge and ^^J^ such 
ar e transported between the el- spe=ies 
rechargeable batterres . hav ™™ rocklng ohair 

ar e called rechargeable ron bat *« . M|M7| 
varies. See 0.8. Patent So.. 5,4 



batterie 

,194,062; and 5,130,211. 



25 



30 



„ Positive electrode active materials 
Preferred positive compounds 

include LiCoO, LiMn 2 0 compoun ds are 

are relatives ««« ^relatively economical 
difficult to synthesize. ^ of 

positive electrode is cobalt oxide (L iCo0 2 ) , 

synthesis are Known The ^ ^ lithium 

the lithium manganese ox.de ( 

niclcel oxide (LiNi0 2 ) all have ng such 

that the charge capacity of - That 
cathodes suffers a signxfrcant loss 
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is., the initial capacity available (amp hours /gram) from 
LiMn 2 0 4 , LiNi0 2/ and LiCo0 2 is less than the theoretical 
capacity because significantly less than 1 atomic unit of 
lithium engages in the electrochemical reaction. Such an 
5 initial capacity value is significantly diminished during 
the first cycle operation and such capacity further 
diminishes on every successive* cycle of operation. For 
LiNl0 2 and LiCo0 2 only about 0.5 atomic units of lithium 
is reversibly cycled during cell operation. Many 

10 attempts have been made to reduce capacity fading, for 
example, as described in U.S. Patent No. 4, 828 , 834 by 
Nagaura et al. However/ the presently known and commonly, 
used, alkali transition metal oxide compounds suffer from 
relatively low capacity. Therefore, there remains- the 

15 difficulty of obtaining a lithium-containing electrode 

material having acceptable capacity without disadvantage 
of significant capacity loss when used in a cell. 
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ginnmarv of the Invention 

The invention provides novel lithium-mixed 
metal materials which, upon electrochemical interaction, 
release lithium ions, and are capable of reyersibly 
5 cycling lithium ions. The invention provides a 

rechargeable lithium' battery which comprises an electrode 
formed from the novel lithium-mixed metal materials. 
Methods for making the novel lithium-mixed metal 
materials and methods for using such lithium-mixed metal 
10 materials in electrochemical cells are also provided. 

The lithium-mixed metal materials comprise lithium and at 
least one other metal besides lithium. Preferred 
materials are lithium-mixed metal phosphates which • ' 
contain lithium and two other metals' besides lithium. 
15 Accordingly, the invention provides a rechargeable 

lithium battery which comprises an electrolyte; a first 
electrode' having a compatible active material; and a 
second electrode comprising the novel materials. In one 
aspect, the novel materials are lithium-mixed metal 
20 phosphates which preferably used as a positive electrode 
active material, reversibly cycle lithium ions with the 
compatible negative electrode active material. Desirably, 
the lithium-mixed metal phosphate is represented by the 
nominal general formula Li a MI b MII c (P0 4 ) d . Such compounds 
25 include Li l MI a MII b P0 4 and Li 3 MI a MII b (P0 4 ) 3 ; therefore,, in an 
initial condition 0 * a s 1 or 0 <; a * 3, respectively. 
During cycling, x quantity, of lithium is released where 
0 s; x s a. In the general formula, the sum of b plus c 
• is up to about 2. Specific examples are 
30 LixMI^yMIIyPO^ and Li 3 MI 2 _ y MII y (P0 4 ) 3 . 

In one aspect, MI and Mil are the same. In a 
preferred aspect, MI and Mil are different from one 
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another. At least one of MI and Mil is an element 
capable of an oxidation state higher than that initially 
present in the lithium-mixed metal phosphate compound. 
Correspondingly, at least one of MI and Mil has more than 
. 5 one oxidation state in the phosphate compound, and more 
than one oxidation state above the ground state M°. The 
term oxidation state and valence state are used in the 
art interchangeably. 

In another aspect, both MI and Mil may have 

10 more than one oxidation state and both may be oxidizable 
from the state initially present in the phosphate' 
compound. Desirably, Mil is a metal or semi -metal having 
a +2 oxidation state, and is selected from Groups 2, '12 
and 14 of the Periodic Table. Desirably, Mil is selected 

15 from non-transition metals and semi -metals. In one 
embodiment, Mil has only one oxidation state and is 
nonoxidizable from its oxidation state in the lithium- 
mixed metal compound. In another embodiment, Mil has 
more than one oxidation state. Examples of semi -metals 

2 0 having more than one oxidation state are selenium and 

tellurium; other non-transition metals with more than one 
oxidation state are tin and lead. Preferably, Mil is 
selected from Mg (magnesium), Ca (calcium), Zn (zinc), Sr 
(strontium), Pb (lead), Cd (cadmium), Sn (tin), Ba 

25 (barium), and Be (beryllium), and mixtures thereof. In 
. another preferred aspect, Mil is a metal having a +2 

oxidation state and having more than one oxidation state, 
and is oxidizable from its oxidation state in lithium- 
mixed metal compound. 

30 Desirably, Ml is selected from Fe (iron) , Co 

(cobalt) / Ni (nickel) , Mn (manganese), Cu (copper), V 
(vanadium), Sn (tin), Ti (titanium), Cr (chromium), and 
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£ M can be seen. MI is preferably 
uteres thereof. M transiti „„ metals and 

.elected from «» *«*J^ initla lly has a 

further includes to., and MI P 
+2 oxidation state.. 

=t the product LWWaV 0 ' 
» a P-f erred aspect the p ^ _ ^ , 

» an olivine structure and the ^ 

rh ombohedral or »- dl " C re£er s to the fact 

aspect, the term "nomma formu ^ nay , ary 



10 



15 



20 



25 



aspect, the term ^ "romlc species 
tha t the relative to 9 percent, or more 

slightly on the order of 2 P ^ another 

typi cany. i *«~ n v;;,;;:;;; or ous, may 

aspect, , any portron of P JP^ ^ ; and any 

by Si (silicon), S <su 3ubstituted 
portion of o (oxygen* may also 
pr eferably I Rpplica tion Serial Members 

di sclosed in ».«• » anQ 09/274 ,3,l filed 

09/105,748 filed Cene 26 ^ 5 , 871 , 8 66 issued 

March 23. 1999,. and rn O.S. by reference in . 

February 16, 1999, '^cations and patents 

z - the — 6 invention ' 

Th e metal phcs^ « alternat^ _ 
represented by the nomrna ,-^^^^^^^ 

, U^JBJBVO. <° * * t „ release and reinsert lithium. 
signifying -P*"^; : . £amlls of compounds, wrth 
The term -general refe n therei n. The 

M. * and y represent^ y that the relative 

egressions 2-y and 1-y each g ^ ^ stated 

amount of MI and MI, . may vary . ^ ^ ^ ^ 
, above , MI may be a mixtu d MI may b e a 

stated criteria for MI. In addr ^ 
mix ture of metallic elements meetr 
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for Mil. Preferably,, where Mil is a mixture, it is a 
mixture of 2 metallic elements; and where MI is a 
mixture, it is a mixture of 2 metals. Preferably, each 
such metal and metallic element has a +2 oxidation state 
5 in the initial phosphate compound. 

The active material of the counter electrode is 
any material compatible with the lithium-mixed metal 
phosphate of the invention. Where the lithium-mixed 
metal phosphate is used as a positive electrode active 

10 material, metallic lithium, lithium-containing material, 
or non-lithium-containing material may be used as the 
negative electrode active material. The negative 
electrode is desirably a nonmetallic insertion material. 
Desirably, the negative electrode comprises an active 

15- material from the group consisting of metal oxide, 

particularly transition metal oxide, metal chalcogenide, 
carbon, graphite, and mixtures thereof. It is preferred 
that the anode active material comprises a carbonaceous 
material such as graphite. The lithium-mixed metal 

20 phosphate of the invention may also be used as a negative 
electrode material . 

In another embodiment, the present invention 
provides a method of preparing a compound, of the nominal 
general formula Li^IbMIIc (P0 4 ) d where 0 < a <; 3; the sum 

25 of b plus c is greater than zero and up to about 2; and 
0 < d <> 3. Preferred compounds include Li 3 MI b MII c (P0 4 ) 3 
where b plus c is about 2; and LiMI b MII c P0 4 where b plus c 
is about 1. The method comprises providing starting 
materials in particle form. The starting (precursor) 

30 materials include a lithium-containing compound, one or 
more metal containing compounds, a compound capable of 
providing the phosphate (P0 4 )" 3 anion, and carbon. 
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v. 1 ithium-containing compound is in 
preferably, the lithium Mlt _ 

particle for,. «- anion co^ound U » 

Preferably, the phosphate ^ phosphate ..it 

particle form, and , and a.maonium 

5 and oia,m»onium hydroget > uthium ooffip ound, one 

. di „ydrogen phosphate (M> • compou nd are 

or more metal compounds, and P h P 

included in a proportion parting materials are 
nominal general formula deluded in an 

» mixed together with ,a-n ^ rf _ or 

amount sufficient to » du materia i s „ithout full 

of the -tal-contamrng start g ^ quantitie3 

reduction to an elemental met (i;e ., 
o£ carbon and one or mote other 
15 .5 to 10% excess, ma, , be - ^ ^ Ieact lon, 

. A small amount of carbon, in the ultimate 

actions as a -^^^^ vantage since such 
electrode formulatron. Thl mixad wit h the 

remaining carbon is very = te^ o£ 
20 product active o£ 100% excess carbon are 

excess carbon, on the nt during 

useable in the process The tely dispersed 

eo^ound formation is thought to _ ^ ^ ^y 
tfcroughout the conductivity of the 

25 advantages, rncludxng th lcles in the 

product. The presence o carb^ ^ ^ cleatlon 
starting materials is al crys tals. 
sites for the products of the P 

terials are intimately mixed and 
The starting. materials ^ initiated by 

30 «- — ^y—tdTn a nonoxidixing inert 

atmosphere where y ^ £om tne 

compound (s) , ana y 
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Li a MI b MII c (P0 4 ) d product. Before reacting the compounds , 
the particles are intermingled to form an essentially 
homogeneous powder mixture of the precursors. In one 
aspect, the precursor powders are dry-mixed using a ball 
5 mill, such as zirconia media. Then the mixed powders are 
pressed into pellets. In another aspect, the precursor 
powders are mixed with a binder. The. binder is selected 
so as to not inhibit reaction between particles of the 
powders. Therefore, preferred binders decompose or 

10 evaporate at a temperature less than the reaction 
temperature. Examples include mineral oils (i.e., 
glycerol, or C-18 hydrocarbon mineral oil) and polymers 
which decompose (carbonize) to form a carbon residue 
before the reaction starts, or which evaporate before the 

15 reaction starts. In still another aspect, intermingling 
is conducted by forming a wet mixture using a volatile 
solvent and then the intermingled particles are pressed 
together in pellet form to provide good grain-to-grain 
contact. 

20 Although it is desired that the precursor 

compounds be present in a proportion which provides the 
stated general formula of the product, the lithium 
compound may be present in an excess amount on the order 
of 5 percent excess lithium. compared to a stoichiometric 

25 mixture of the precursors. And the carbon may be. present 
at up to 100% excess compared to the stoichiometric 
amount. The method of * the invention may also be used to 
prepare other novel products, and to prepare known 
products. A number of lithium compounds are available as 

30 precursors, such as lithium acetate (LiOOCCH 3 ) , lithium 
hydroxide, lithium nitrate (LiN0 3 ) , lithium oxalate 
(Li 2 C 2 0 4 ) , lithium oxide (Li 2 0) , lithium phosphate 
(Li 3 P0 4 ) , lithium dihydrogen phosphate (LiH 2 P0 4 ) , lithium 
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, + iiiW) and lithium carbonate (Li 2 C0 3 ) . The 
vanadate (Livu 3 j / oi-ate 

, fl -oref erred for the solid state 
lithium carbonate is prerei-i-e 

lithium c melting-point and 

siting. I. contrast, U«b»- hy *™ * e herein of 
40 0*C. At s- reaction temperatures ^» 

.,„. r , he lithium hydroxide will melt eeio 
10 over 450 C the precursors occurs. to 

significant reaction wrth the other p reaction 

' =*i-ent This melting renders tne r= 

an effective extent. T a<Jdition , anhydrous LiOH 

vary difficult to control In addr^ , ^ 

. is highly hygroscopic and Tc h wlter needs to he 

l5 is released during the rea< -ch ^ 
. removed from the oven and the resulta P 

to be dried, m one preferred a pect, the ^ ^ 

20 rr^rontaining compound . react ^ 

The method of the invention is aDie 
phosphates. Themeth^ ermal _ baS ed process 

broad temperature range. 

orecursor compounds (starting 
■ Th e aforesard P«curs ders 

m aterials, are generally crystals granu ^ ^ 
30 and are generally referred to as herng ^ ^ 

Although many types of (NH))a HPO. 
. preferred to use diammonrum hydrogen P * 
\vm?) or ammonium dihydrogen phosphate 
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Both ADHP and DAHF meet the preferred criteria that the 
precursors decompose in "the presence of one another or 
react with one another before melting of such precursor. 
Exemplary metal compounds are Fe 2 0 3 , Fe 3 0 4/ V 2 O s/ V0 2 , 
5 LiV0 3 , NH 4 V0 3 , Mg(0H) 2 , Cao, MgO, Ca(0H) 2 , MnO z , Mn 2 0 3 , 
•Mn 3 (P0 4 ) 2 , CuO, SnO, " Sn0 2/ Ti0 2 , Ti 2 0 3/ Cr 2 0 3 , Pb0 2 , PbO, 
Ba(OH) 2 , BaO, Cd(OH) 2 . In addition, some starting 
materials serve as both the source of metal ion and 
phosphate, such as FeP0 4/ Fe 3 (P0 4 ) 2 , Zn 3 (P0 4 ) 2 , and 

10 Mg 3 (P0 4 ) 2 . Still others contain both lithium ion and 
phosphate such as Li 3 P0 4 and LiH 2 P0 4 . Other exemplary 
precursors are H 3 P0 4 (phosphoric acid) ; and P 2 0 5 (P 4 O 10 ) 
phosphoric oxide; and HP0 3 meta phosphoric . acid, which is 
a decomposition product of P 2 0 5 . If it is desired to ' 

15 replace any of the oxygen with a halogen; such as 
fluorine, the starting materials further include a 
fluorine compound such as LiF. If it is desired to 
replace any of the phosphorous with silicon, then the 
starting materials further include silicon oxide (Si0 2 ) . 

20 Similarly, ammonium sulfate in the starting materials is 
useable to replace phosphorus with sulfur. 

The starting materials are available from a 
number of sources. The following- are typical. Vanadium 
pentoxide of the formula V 2 0 5 is obtainable from any 

25 number of suppliers including Kerr McGee, Johnson 

Matthey, or Alpha Products of Davers, Massachusetts. 
Vanadium pentoxide has a CAS number of 133.4-62-1. Iron 
oxide Fe 3 0 3 *is a common and very inexpensive material 
available in powder form from the same suppliers. The 

30 other precursor materials mentioned above are also 

available from well known suppliers, such as those listed 
above. 
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• i e in the presence ot caroun 
raa ct starts -^^JLct.. such as gamma- 
form a variety of other no P . . the 

. L iV,0 5 and also to produce Unown P oduct ^ 
5 oa rbon motions to "^^^ such reduced 

compound to prov.de a P rodUCt (jse£ul to also add 

metal ion. The method is P"*"*^ ^ contains the 
Uthiua to the resultant P^^^ ion and the 
metallic element produo t. 

10 other metal ion, there ° y vanadium pentoxide (V 2 G 5 ) 

,n example is the react,^ « ^ ^ ^ form 

with lithium carbonate xn the pre 

■ „ « ' Here the starting metal ion v 
. ,amma-l.rv 0 Here t _ r ^ 

redU ° L -V O product is not hnown to have heen drrectly 
it qamma-LiV 2 0 5 proauu 

a nd independently formed before. 

-.^ ' i4- is desirable to 
. As described earlrer, it 

^ • at a temperature where the 
conduct the reaction at a te p rature should 

, before melting. . The temy 

compound reacts beror ^<,irably 450°C or 

rr;^ r/a faster rate as 
' The verfous reactions ££££ ^ tempetat ure 
a n effluent gas. The eq reaotions ere more 

25 ■ £a vors CO -rmation. som^ o - r ^ ^ ^ 
desirably conducted at temp _ £erab i y 100°C or 

. liter ioTmlnrreactioL are about ,00 to *«. or 
30 about 100 to 800-C. 

Generally, the higher 
pro duce CO effluent and the stoichrometry regu 
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carbon be used than the case where C0 2 effluent is 
produced at lower temperature. This is because the 
reducing effect of the G to C0 2 reaction is greater than 
the C. to CO reaction. The C to C0 2 reaction involves an 
5 increase in carbon oxidation state of +4 (from 0 to 4 ) 
and the C to CO reaction involves an increase "in carbon 
oxidation state of +2 (from ground state zero to 2) . 
Here, higher temperature generally refers to a range of 
about 650°C to about 1000°C and lower temperature refers 
10 to up to about 650°C. Temperatures higher than 1200°C 
are not thought to be needed. 

In one aspect, the method of the • invention 
utilizes the reducing capabilities of carbon in a unique 
and controlled manner to produce desired products having 
15 ' structure and lithium content suitable for electrode 

"active materials. The method of the invention makes it 

possible to produce products containing lithium, metal 

i 

and oxygen in an economical and convenient process. The 
ability to lithiate precursors, and change the oxidation 

20 state of a metal without causing abstraction of oxygen 
from a precursor is heretofore unexpected'. These 
advantages are at least in part achieved by the 
reductant, carbon, having an oxide whose free energy of 
formation becomes more negative as temperature increases. 

25 Such oxide of carbon is more stable at high temperature 

than at low temperature. This feature is used to produce 
products having one or more metal ions- in a reduced 
oxidation state relative to the precursor metal ion 
oxidation state. The method utilizes an effective 

30 combination of quantity of carbon, time and temperature 
to produce new products and to produce known products in 
a new way. 
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• n hack to the discussion of 

^ Mt " ie : the calon to carbon dioxide reactions are 
m onoxide and the carbo . reac tion rs 

occurring . « closer » «^ ^ gM . c fche c to c0 
5 the dominant reaction. At e££ect Qf , he c 

taction is dominant. Since ^ ^ ^ ^ 

to C0 2 reaction is greater, reduced. 

DeI atomic unit of metai 
carbon rs needed per monoxide , each atomic 

In the case of £ron ground st ate zero to plus 

10 unit of carbon rs oxidized whioh ls 

2 . ' Thus , for each atomic part of - ^ ^ 
oeing reduced by one o^*"^ _ o£ the carbon to 
unit of carbon is reared In ^ ^ o£ ... 

carbon dioxide reaction, one ouart ^ ^ 

15 carboh is T induced b y one oxidation 

U ait ° £ mStal T ar ,on 9 oes fr- ground state zero to . 
state, because carbon g rel ationships apply 

20 .eduction in oxidation state desired. 

\, r n heat the starting materials 
It is preferred to heat ^ . 

at a ramp rate of a fraction of Jeg ^ 

m inute and preferably about 2 C ^ ^ ^ ^ 

desired reaction temperature^ ^ ^ temperatuIe 

25 . (starting materials, are ^ £er ably conducted 

£or se «ral hours. The he g or va=uum . 

fi dvantageously. a reduce , ^ the 

although it may be used ^ 
30 products- are preferably cool 1Q . C to 

temperature to ambient (room, te p ^ 

• ,ki« the cooling occurs ar * 

40°C). Desrrably, the ferably 2»C/xninute 

to the earlier ramp rate, and p 



WO 01/54212 



PCT/USOO/35302 



15 

cooling. Such cooling rate has been found to be adequate 
to achieve the desired structure of the final product. 
It is also possible to quench the products at a cooling 
rate on the order of about 100°C/minute . In some 
5 instances, such rapid cooling (quench) may be preferred.. 

The present invention resolves the capacity 
problem posed by widely used cathode active material. It 
has been found that the capacity and capacity retention 
of cells having the preferred active material of the 

10 invention are improved over conventional materials. 

Optimized cells containing lithium-mixed metal phosphates 
of the invention potentially have performance improved 
over commonly used lithium metal oxide compounds. 
"Advantageously, the new method of making the novel. 

15 lithium-mixed metal phosphate compounds of the • invention 
is. relatively economical and readily adaptable to 
commercial production. 

Objects, features, and advantages of the 
invention include an electrochemical cell or battery 

20 based on lithium-mixed metal phosphates. Another object 
is to provide an electrode active material which combines 
the advantages of good discharge capacity and capacity 
retention. It is also an object of the present invention 
to provide electrodes which can be manufactured 

25 economically. Another object is to provide a method for 
forming electrode active material which lends itself to 
commercial scale production for preparation of large 
quantities . 
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b'ects features, and 
These and other 0 3 - ^ f blowing 

description of the p 
' accompanying drawings. 
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Brief Description of the Drawings 

Figure 1 shows the results of an x-ray 
diffraction analysis, of the LiFeP0 4 prepared according 
to the invention using CuKa radiation, A = 1.5405A. Bars 
5 refer to . simulated. .pattern from refined cell parameters, 

Space Group, SG = Pnma (62). The values are a = 10.288 3A 
(0.0020), b = 5.9759A (0.0037), c - 4.6717A (0.0012) 
0.0072, cell volume = 287.2264A 3 (0.0685). Density, p = 
3.605 g/cc, zero = 0.452 (0.003). Peak at full width 
10 half maximum, PFWHM = 0.21. Crystallite size from XRD 
data = 704A. 

Figure 2 is a voltage/capacity plot of.LiFeP0 4 - 
containing cathode cycled with a lithium metal anode 
using constant current cycling at ±0.2 milliamps per 

15 square centimeter in a range of 2.5 to 4.0 volts at a. 

temperature of about 23°C. , The cathode contained 19.0mg 
of the LiFeP0 4 active material, prepared by the method of. 
the invention. The electrolyte comprised ethylene 
carbonate (EC) and dimethyl carbonate (DMC) in a weight 

20 ratio of 2:1 and included a .1 molar concentration of 
LiPF 6 salt. The lithium-metal-phosphate containing 
electrode and the lithium metal counter electrode are 
maintained spaced apart by a glass - fiber separator which 
is interpenetrated by the solvent and the salt. 

25 Figure 3 shows multiple. constant current 

cycling of LiFeP0 4 active* material cycled with a , lithium 
metal anode using the electrolyte as described in 
connection with Figure 2 and cycled, charge and discharge 
at ± 0.2 milliamps per square centimeter, 2.5 to 4.0 

30 volts at two different temperature conditions, 23 °C and 
60°C. Figure 3 shows the excellent rechargeability of 
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Figure 7 is a voltage/capacity plot of 
LiFe 0>8 Mg 0 . 2 PO 4 --containing cathode cycled with a lithium 
metal anode using' constant current cycling at ± 0 .2 
milliamps per square centimeter in a range of 2.5 to 4.0 
5 volts at 23 °C. Other conditions are as described earlier 
with respect to Figure 2. The cathode contained 16mg of 
the LiFe 0 .B M go.2 P0 4 active material prepared by the .method 
of the invention. 

Figure 8 shows the results of an x-ray 
10 diffraction analysis, of the LiFe 0>9 Ca 0>1 PO 4 prepared 

according to the invention, using CuKa radiation, X = 
1.5405A. ' Bars refer to simulated pattern from refined 
cell parameters SG = Prima (62) . The values are a = ' 
10.3240A (0.0045), b = 6.0042A (0.0031), c = 4.6887A 
15 (0.0020), cell volume = 290.637OA (0.1807), zero = 0.702 

(0.003), p = 3.62 g/cc, PFWHM = 0.18, and crystallite = 
680A. 

Figure 9 is a voltage/capacity plot of 
LiFe 0 . 8 Ca 0>2 PO4~containing cathode cycled with a lithium 

20 metal anode using constant current cycling at ± 0.2 

milliamps per square centimeter in a range of 2.5 to 4.0 
volts at 23°. Other conditions are as described earlier 
with respect to Figure 2. The cathode contained 18.5mg 
of the LiFe 0>8 Ca 0 .2 p O4 active material -prepared by the 

25 method of the invention. 

Figure 10 is a voltage/capacity plot of 
LiFe 0 . 8 Zn 0<2 PO4-containing cathode cycled with a lithium 
metal anode using constant current cycling at ± 0.2 
milliamps per square centimeter in a range of 2.5 to 4.0 
30 volts at 23°C. Other conditions are as described earlier 
with respect to Figure 2. The cathode contained 18.9mg 
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radiation, X = 1.5405A. The values are a « 12.184A (2), 
b = 8.679A (2), c - 8.627A (3), and p - 90.457° (4). 

Figure 15 shows the results of an x-ray 
diffraction analysis of Li 3 V 2 (P0 4 ) 3 prepared according to 
5 a method described in U.S. Patent No. 5,871, 866. The 
analysis is based on CuKot radiation, X = 1.5405A. The 
values are a = 12.155A (2), b = 8.711A (2), c - 8.645A 
(3); the angle beta is 90.175 (6); symmetry is' 
Monoclinic; and space group is P2 1 /n. 

Figure 16 is an EVS (Electrochemical Voltage 
Spectroscopy) voltage/capacity profile for a cell with 
cathode material formed by the carbothermal reduction 
method of the invention. The cathode material is 13.8mg 
of Li 3 V 2 (P0 4 ) 3 . The cell includes a lithium metal counter 
electrode in an electrolyte comprising ethylene carbonate 
(EC) and dimethyl carbonate (DMC) in a weight ratio of 
2:1 and including a 1 molar concentration of LiPF 6 salt. 
The lithium-metal-phosphate containing electrode and the 
lithium metal counter electrode are maintained spaced 
apart by a fiberglass separator which is interpenetrated 
by the solvent and the salt. The conditions are ± 10 mV 
steps, between about 3.0 and 4.2 volts, and the critical 
limiting current density is less than, or equal to 0.1 
mA/cm 2 . 

25 Figure 17 is an EVS differential capacity 

versus voltage plot for the cell as described in 
connection with Figure 16. 

Figure 18 shows multiple constant current 
cycling of LiFe 0 . 8 Mg 0 . 2 EO 4 cycled with a lithium metal 
30 anode using the electrolyte as described in connection 
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o nd cycled, charge and discharge at ± 0.2 
with Figure 2 and cycled, ^ fcwo 

..illiamps P- «t«^r f 2 5 

diff .erent temperature 

18 shows the excellent ^ ^ ^ 

5 xnetal-phosphate/lithxum metal cell, 

excellent cycling and capacity of the 
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the first four complete cycles 
graphite cell of the invention. . 

^ 20 is a two-part graph based on multiple 

Tent cycling of Li.*.*..** ^ ""V? 
constant current cycling electrolyt e as described in 

. MCMB graphite anode usrng the elect y . 

section with Figure **°%^% m i to 3.6 
at ± 0.2 milliamps per sguare ce ^ ^ ^ 

it. ?3°C and based on a c/xu n 
15 VOltS ' " h 20 shows the excellent 

two-part graph, metal . phospha te/ g raphite 

of the cell. 

• 21 is a graph of potential over time for 

2Q Figure 21 is gr p gaItma - L iV 2 0 5 / M CMB, 

the first three complete cycles of th . g . 
. . graphite cell of the invention. 

' Pig ure 22 is a diagrammatic representation of . a 
Figure C ell structure. 

typi cal laminated lithium-ion battery cell 

23 is a diag— ic representation or . 
" typical multi-cell battery cell structure. 



WO 01/54212 



PCT/US00/35302 



23 

Detailed Description of the Preferred Embodiments 

The present invention provides lithium-mixed 
metal-phosphates , which are usable as electrode active 
materials, for lithium (Li + ) ion removal and insertion. 
5 . Upon extraction of the lithium ions from the lithium- 
mixed-metal-phosphates, significant capacity is achieved. 
In one aspect of the invention, electrochemical energy is 
provided when combined with a suitable counter electrode 
by extraction of a quantity x of lithium from lithium- 

10 mixed-metal-phosphates Li a _ x MI b MII c (P0 4 ) d . When a quantity 
x of lithium is removed per formula unit of the lithium- 
mixed-metal phosphate, . metal MI is oxidized- In another 
aspect, metal Mil is also oxidized. Therefore, at least 
one of MI and Mil is oxidizable from its initial 

15 condition in the phosphate compound as Li is removed. 

. Consider the following which illustrate the mixed metal 
compounds of the invention: LiFe 1 _ y Sn y P0 4 , has two 
oxidizable elements, Fe and Sn; in contrast, 
LiF.e^yMgyPO^ has one oxidizable metal, the metal Fe. 

20 In another aspect, the invention provides a 

lithium ion battery which comprises an electrolyte; a 
negative electrode having an insertion active material; 
and a positive electrode comprising * a lithium-mixed- 
metal -phosphate active material characterized by . an 

25 ability to release lithium ions for insertion into the 
negative electrode active material. The lithium-mixed- 
metal-phosphate is desirably represented by the nominal 
- general formula Li a MI b MII c (P0 4 ) d . .Although the me.tals MI 
and Mil may be the same, it is preferred that the metals 

30 MI and Mil are different. Desirably, in the phosphate 
compound MI is a metal selected frpm the group: Fe, Co, 
Ni, Mn, Cu, V, Sn, Ti, Cr and mixtures thereof, and MI is 
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most desirably a transition metal or mixture thereof 
selected from said group. Most preferably, MI has a +2 
valence or oxidation state. 

■ In another aspect, Mil is selected from Mg, Ca, 
5 Zn, Sr, Pb, Cd, Sn, Ba, Be, and mixtures thereof. Most 

preferably, Mil has a +2 valence or oxidation state. The 
lithium-mixed-metal-phosphate is preferably a compound 
represented by the nominal general formula 
Li a _ x MI b MII c (PO,) d , signifying the preferred composition 
10 and its capability to release x lithium. Accordingly, 
during cycling, charge and discharge, the value of x 
varies as x greater than or equal to. 0 and less than or 
equal to a. The present invention resolves a capacity 
problem posed by conventional cathode active materials. 
15 Such problems with conventional active materials are 

described by Tarascon in U.S. Patent No. 5,425,932, using 
LiMn 2 0 4 as an example. Similar problems are observed 
with LiCo0 2 , LiNi0 2 , and -many, if not all, lithium metal 
chalcogenide materials. The present invention 
20 demonstrates that significant capacity of the cathode 
active material is utilizable and maintained. 

A preferred novel procedure for forming the 
lithium-mixed-metal-phosphate Li.MI^I 1= (P0 4 ) d compound 
active material will now be described. In addition, the 
25 preferred novel procedure is also applicable to formation 
of other lithium metal compounds, and will be described 
' as such. The basic' procedure will be described with 
reference to exemplary starting materials but is not 
limited thereby. The basic process comprises conducting 
30 a reaction between a lithium compound, preferably lithium 
carbonate (Li 2 C0 3 ) , metal compound (s), for example, 
vanadium pentoxide (V 2 0 5 ) , iron oxide (Fe 2 0 3 ) , and/or 
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manganese hydroxide, and a phosphoric acid derivative, 
preferably the phosphoric acid ammonium salt, diammonium 
hydrogen phosphate,. (NH 4 ) 2 H (P0 4 ) . Each of the precursor 
starting materials are available from a number of 
5 chemical outfits including Aldrich Chemical Company and 
Fluka. Using the method described herein, LiFeP0 4 and 
LiFe 0 . 9 Mg 0 ; 1 PO 4 , Li 3 V 2 (P0 4 ) 3 were prepared with approximately 
•a stoichiometric amount of Li 2 C0 3 , the respective metal 
compound, and (NH 4 ) 2 HP0 4 . Carbon powder was included with 

10 - these precursor materials. The precursor materials were 
initially intimately mixed and dry ground for about 30 
minutes... The intimately mixed compounds were then 
pressed into pellets. Reaction was conducted by heating 
in an oven at a preferred ramped heating, rate to an •" 

15 elevated temperature, and held at such elevated 

temperature for several hours to complete formation of 
the reaction product. The entire reaction was conducted 
in a non-oxidizing atmosphere, under flowing 'pure argon 
gas. The flow rate will depend upon the size of the oven 

20 and the quantity needed to maintain the atmosphere. The 
oven was permitted to cool down at the end of the 
reaction period, where cooling occurred at a desired rate 
under argon. Exemplary and preferred ramp rates, 
elevated reaction temperatures and reaction times' are 

25 described herein.- In one aspect, a ramp rate of 

2°/minute to an elevated temperature in a range of 750°C 
to 800°C was suitable along with a dwell (reaction time) 
of 8 hours. Refer to Reactions 1, 2, 3 and 4 herein. In 
another variation per Reaction 5, a reaction temperature 

30 of 600°C was used along with a dwell time of about one 
hour. In still another variation, as per Reaction 6, a 
two-stage heating was conducted, first, to a temperature 
• of 300°C and then to a temperature of 850°. 
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The general aspects of the above synthesis 
route are applicable to a variety of starting materials. 
Wthium-containing compounds include WO (lithium 
oxide), LiHJPO, (lithium hydrogen phosphate! , 
5 Li^o. (lithium oxalate, , LiOH (lithium ^droxide, 

Li 0H.H 2 O (lithium hydroxide monohydride, , and LxHCO 
(lithium hydrogen carbonate). The metal compounds (s, 
reduced in the presence of the reducing agent, ^ b ° n " 
The same considerations apply to other lithium-metal- and 
10 phosphate-containing precursors. The thermodynamic 

considerations such as ease of reduction, of the selected 
precursors, the reaction kinetics, and the meltrng pornt 
' of the salts will cause adjustment in the general _ 

procedure, such as, amount of carbon reducing agent, and 
IS the temperature of reaction. 

Figures 1 through 21 which will be described 
more particularly below show characterisation data and 
capacity in actual use for the cathode materials 
Z itive electrodes, of the invention. 
20 conducted in a cell comprising a lithium metal counter 
electrode (negative electrode) and other teats were 
conducted in cells having a carbonaoeous counter 
electrode. All of the cells had an E C=D M C-LrPF s 
electrolyte. 

Typical cell configurations will now be 
.escribed with reference to Figures 22 and 23, and such 
cattery or cell utilizes the novel active material of the 
invention. Hote that the preferred cell arrangement 
.scribed here is illustrative and the inve ntion rs not 
,0 limited thereby. -Experiments ^ 

on full and half cell arrangements, as per the ? 
description. For teat purposes, test cells are often 
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fabricated using lithium metal electrodes. When forming 
cells for use as batteries, it is preferred to use an 
insertion positive electrode as per the invention and a 
graphitic carbon negative electrode. 

5 . A typical laminated battery cell structure 10 

is depicted in Figure 22. It comprises a negative 
electrode side 12, a positive electrode side 14, and an 
electrolyte/separator 16. there between. Negative 
electrode side 12 includes current collector 1.8, and 

10 positive electrode side 14 includes current collector 22. 
A copper collector foil 18, preferably in the form of an 
open mesh grid, upon which is laid a negative electrode 
membrane '20 comprising an insertion material such as 
carbon or graphite or low-voltage lithium insertion 

15 compound, dispersed in a polymeric binder matrix. An 
electrolyte/separator film 16 membrane is preferably a 
plasticized copolymer. This electrolyte/separator 
preferably comprises a polymeric separator and a suitable 
electrolyte for" ion transport. The electrolyte/separator 

20. is positioned upon the electrode element and is covered 
with a positive electrode membrane 24 comprising a 
composition of a finely divided lithium insertion . 
compound in a polymeric binder matrix. An aluminum 
collector foil or grid 22 completes the assembly. 

25 Protective bagging material 4 0 covers the cell and 
prevents infiltration of air and moisture . 

In another .embodiment, a multi-cell battery 
configuration as per Figure 23 is prepared with copper 
current collector 51, negative electrode 53, 
30 electrolyte/separator 55, positive electrode 57, and 
aluminum current collector 59. Tabs 52 and 58 of the 
current collector elements form' respective terminals for 
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the battery structure. As used herein, the te» , -o.il' 
!„d mattery" refer to an individual cell comprising 
^electrolyte/cathode and also- refer to a multi-cell 

arrangement in a stack. 

The relative weight proportions of the 
4- r\-f Vhe oositive electrode are generally: 50 
components of the P OS ^ carbQn black as t he . 

■ 90 % by weight actxve material, 5 ^ 
electric conductive diluent; and 3 20o Din 
hold all particulate materials in on. 
another without degrading ionic conductive St. 
ranges are not critical, and the amount of active 
serial in an electrode may range from 25 95 ~« 

™p cart of a preferred fumed silica. The 
-For every one pai:^ <~>±. « r . 
Luetic solvent comprises any number o^urtahle 

solvents and salts. ^ = » 

described in. U.S. Patent Nos. 5,643,695 and o. , 

, 4. a mixture of EC:DMC:LiPF s in a weight 
One example is a mixture 

ratio of about 60:30:10. 

Solvents are selected to be used individually 

or in mixtures,, and include dimethyl 
oiethylcarbonate (DEC) , dipropylcarbonate DPC) , 
ethylmethylcarbonate (KMC, , ethylene- carbonate ( E C 

^4-^ /pcm butvlene carbonate, lacroneo, 
propylene carbonate (PC), butyie 

P reie . ■ cs. f 0 65% by weight, 

, The salt content ranges from 5* to y 

' preferably from 8% to 35% by weight. 
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Those skilled in the art will understand' that 
any number of methods are used to form films from the 
casting solution using conventional meter bar or doctor 
blade- apparatus. It is usually sufficient to air-dry the 
5 films at moderate temperature to yield self-supporting 

films of copolymer composition. Lamination of assembled 
cell structures is accomplished by conventional means by 
pressing between metal plates at a temperature of about 
120-160°C. Subsequent to lamination, the battery cell 
10 material may be stored either with the retained 

plasticizer or as a dry sheet after extraction of the 
plasticizer with a selective low-boiling point solvent. 
The plasticizer extraction solvent is not critical, and 
methanol or ether- are often used. 

15 Separator membrane element 16 is generally 

polymeric and prepared from a composition comprising, a 
copolymer. A preferred composition is the 75 to 92% 
vinylidene fluoride with 8 to 25% hexaf luoropropylene 
copolymer (available .commercially from Atochem North 
.20 America as Kynar FLEX) and an organic solvent 

plasticizer.. Such a copolymer composition is also 
preferred for the preparation of the electrode membrane 
elements, since subsequent laminate interface 
compatibility is ensured. The plasticizing solvent may 

25 be* one of the various organic compounds commonly used as 
solvents for electrolyte, salts, e . g .,- propylene carbonate 
or ethylene carbonate, as well as mixtures of these 
compounds. Higher-boiling plasticizer compounds such as 
dibutyl phthalate, dimethyl phthalate, diethyl phthalate, 

30 and tris butoxyethyl phosphate are particularly suitable. 
Inorganic filler adjuncts, such as fumed alumina or 
silanized fumed silica, may be used to enhance the 
physical strength and melt viscosity of a separator 
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and in some compositions, to increase the 
^ o, electrolyte solution absorption. . 

„<, a lithium-ion battery, a 
in the construction of a lltm 

T, tor layer of aluminum foil or grid is 
current collector Aaye ^ ^ ^ 

5 overlaid wrth a positi dispersion of 

separately prepared as a coated layer ^ 
insertion electrode £ ^ 

insertion compound such as Ia»£ »■ J ' whioh ^ 

LiKi0 2 , powder in a copolymer matrix so 

10 dried to form the a dried 

electrclyte/separator membrane solutic>n containing 

coating of a composition comp = ^ 
. FP ; r -« - ^^e film, * negative 

u 1:^—1 formed as 

powdered carbon or other negative elec ^ 

•„„ in a VdF : HFP copolymer matrix 
dispersron in a V meinb rane layer. A 

similarly overlaid on the P ^ ^ ^ ^ th> 

copper current collector o assembly. 

20 negative electrode, layer to complete th ^ ^ ^ ^ ^ 

binder in all of the ma D ^ an(J 

electrode film, negative el a3Semble d components 

electrolyte/separator membrane The osion 

» . « — r Plastlci d i — 

bonding between the plasti ^ 
siectrode and electrolyte ^^"^^v, lami „ate of 

■j- -r-o thereby form an ettec^xv 
collector grids, to ther y essential i y unitary and 

cell elements. This produces an essentr 

30 • flexible battery cell structure. 

■ ' «ils containing metallic 
Examples of forming cells con - 
insertion electrodes, solid electr 
lithium anode, insertion 
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and liquid electrolytes can be found in U.S. Patent Nos. 
4,668,595; 4,830,939; 4,935,317; 4,990,413; 4,792,504; 
5,037,712; .5,262,253; 5,300,373; 5,435,054; 5,463,179; 
. 5,399,447; 5, 482, 795 and 5,411,820; each of which is 
5 incorporated herein by reference in its entirety. Note 
that the older generation of .cells contained organic 
polymeric and inorganic electrolyte matrix materials, 
with the polymeric being most preferred. - The 
polyethylene oxide of 5,411,820 is an example. More 

10 modern examples are the VdF:HFP polymeric matrix. 

Examples of casting, lamination and formation of cells 
using VdF:HFP are as described in U.S. Patent Nos. 
5,418,091; 5,460,904; 5,456,000; and . 5, 540, 741; assigned 
to Bell Communications Research, each of which is 

15 incorporated herein by reference in its entirety. 

. As described earlier, the electrochemical cell 
operated as per the invention, may be prepared in a 
variety of ways. In one embodiment, the .negative 
electrode may be metallic lithium. In more desirable 

20 embodiments, the negative electrode, is an insertion 
active material, such as, metal oxides and graphite. 
When a metal oxide active material is used, the 
components of the electrode are the metal oxide, 
electrically conductive carbon, and binder, .in 

25 * proportions similar to that described above for the 
positive electrode. In a preferred embodiment, the 
negative electrode active material is graphite particles. 
For test purposes, test cells are often fabricated using* 
lithium metal electrodes. When forming cells for use as 

30 batteries, it is preferred to use an" insertion metal 

oxide positive electrode and a graphitic carbon negative 
electrode. Various methods for fabricating 
electrochemical cells and batteries and for forming 
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,s are described herein. The invention 
el ectrode consents are ular f abrica ti.dn 

is^not, however, limited by y f 
method . 
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Formation o£ Active Materials 
EXAMPLE 2. ■ 

Reaction 1(a). LiFeP0 4 formed from FeP0 4 . 

FeP0 4 + 0.5 Li 2 C0 3 + 0.5 C -*LiFeP0 4 + 0.5 CO 2 + 0.5CO 

5 (a) Pre-mix reactants in the following proportions 

using ball mill. Thus, 

1 mol FeP0 4 150. 82g 

0.5 mol Li 2 C0 3 36.95g 
. . 0.5 mol carbon 6. Og 

10 (but use 100% excess carbon - 12.00g) 

(b) Pelletize powder mixture 

(c) Heat pellet to 750°C at a rate of"2°/minute in 
flowing inert atmosphere (e.g. argon) . Dwell 
for 8 hours at 750°C under argon. 

15 (d) Cool to room temperature at 2°/minute under 

argon. 

(e) Powderize pellet. 

Note that at 750°C this is predominantly a CO 
reaction. ' This reaction is able to be. 
20 conducted at a temperature in a range of about 

700°C to about 950°C in argon as shown, and 
♦ also under other inert atmospheres such as . 
nitrogen or vacuum. 
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EXAMPLE IX 

05Fe O 3 + 0. 5 ^CO J+( »H ))l H,O. + C.SC-^O < + 

0.5 ^2^3 T t pn 

0. 5 C0 2 + 2 ,H 3 + 3/2 H 2 0 + 0.5 CO 

■' , in the following proportions 
(a) Premix powders in the x 

i 79.85g 
0.5 mol Fe 2 0 3 

i n co 36.95g- 
0.5 mol Li 2 cu 3 

lm ol (NH 4 ) 2 HP0 4 132-069 

0.5 mol carbon 6.00g 



10 



15 



^=-rhon - 12.00g) 
(use 100% excess carbon 

(b) Palletize powder mixture 

' -,50-C at a rate of 2°/minute in 

(c) Heat pellet to 750 C at 

( mowing inert atmosphere (e.g. arg 

£oE 8 hours at 750°C under argon. 

hlfe a t 2° /minute under 
(d) cool to room temperature 



20 



argon, 
(e) powderize 

EXAMPLE 

Two steps: 
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Part I. Carbothermal preparation of Fe 3 (P0 4 ) 2 

3/2 Fe 2 0 3 + 2 (NH 4 ) 2 HP0 4 + 3/2 C - Fe 3 (P0 4 ) 2 + 
3/2 CO + 4NH 3 + 5/2 H 2 0 

(a) Premix reactants in the following proportions 
5 3/2 mol Fe 2 0 3 23 9.54g 

2 mol (NH 4 ) 2 HP0 4 264. 12g 

3/2 mol carbon 18.00g 

(use 100% excess carbon - 36.00g) 

(b) Pelletize powder mixture 

10 (c) Heat pellet to 800°C at a rate of 2°/minute in 

flowing inert atmosphere (e.g. argon) . Dwell 
for 8 hours at 750 °C under argon. 

(d) Cool to room temperature at 2°C/minute under 
argon. 

15 (e) Powderiz;e pellet. 

Part II. Preparation of LiFeP0 4 from the Fe 3 (P0 4 ) 2 of 
Part I. 

Li 3 P0 4 + Fe 3 (P0 4 ) 2 -3 LiFeP0 4 

(a) Premix reactants in the following proportions 
20 1 mol Li 3 P0 4 115. 79g 

1 mol Fe 3 (P0 4 ) 2 357. 48g 



(b) Pelletize powder mixture 
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* 750-C-at a rate of 2 s /minute in 
(c) Heat pellet to 7 50 C at 

flowing inert atmosphere 

=h- 7 50°C under argon, 
for 8 hours at 7bu u 

9 °r /minute under 
, d) cod to room temperature at 2 C/mx 

argon- • 

5 

(e ) Powderize pellet. 
EXAMPLE IV 

FeP0 4 

, o '. FeEO. + 0.1M gl OH )j+ .0. 1 WH.),HPO. ♦ 

l0 0.5 Wft FeP0 ; + 0 . 6COi + 0.45CO ♦ O.MH, ♦ 

0.45C - LiFe 0 . 9 Mg 0 .i? u 4 

0.25 H 2 0 

* 4 n the following proportions 
■ (a) pre-mix reactants m the 

■. „. = 36.?5g 

0..50 mol Lr 2 C0 3 ^ ^ 

0.90-mol FeP0 4 " ■ 

" 15 0.10 mol Mg(OH) 2 ' - ' 

0.10 mol (NH 4 ) 2 HP0 4 - ^ 
0.45 mol carbon 

' (use 100% excess carbon ^ 10.80g) • 

(b) pellets powder mixture 

, 50 »C at a rate of 2°/minute in argon 

(c) Heat to 750 C at ^ argQn 
Hold for 8 hours dwell at 

' of 2° /minute 

(d ) Cool , at a rate ot 
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(e) Powderize pellet. 



EXAMPLE V 

Reaction 2(b). LiFe 0 . 9 Mg 0#1 PO4 (LiFe 1 . y Mg y P0 4 ) formed from 
5 Fe 2 0 3 

0.50 Li 2 C0 3 + 0.45 Fe 2 0 3 + 0.10 Mg (OH) 2 + (NH 4 ) 2 HP0 4 

0. 45C - LiFeo.9Mgo.iPO4 + 0.5 C0 2 + 0.45 CO + 2 NH 3 + 

1 . 6 H 2 0 

10 (a) Pre-mix reactants in following ratio 

0.50 mol Li 2 C0 3 = 36.95g * 

0.4.5 mol Fe 2 0 3 = 71.8 6g 

0.10 mol M'g(0H) 2 ' = 5.83g , 

1.00 mol (NH 4 ) 2 HP0 4 = 132. 06g 

15 0.-45 mol carbon = 5.40g 

(use 100% excess carbon - 10,. 80g) 

(b) Pelletize powder mixture* 

(c) Heat . to .750°C at a rate of 2°/minute in argon. 
- ' Hold for 8 hours dwell at 750 °C in argon 

20 (d) Cool at a rate of 2°/minute 

(e) Powderize pellet. 
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EXAMPLE VI 

„_ , T . Vp Ma po.) formed from 
Reaction 2(c). LiEe..^..^ 

LiH 2 P0 4 

«A + n 45 CO + I- 1 H 2° 



15 



20 



(a) 



103. 93g 
71 .86g 



• 1 i.OO mol LiH 2 P0 4 

0.45 mol Fe 2 0 3 

5.83g 

OllO mol Mg(0H) 2 
1G 0.45 mol carbon = 5 ' 40g 



(us e 100% excess carbon - 10.80g) 

(b) palletize powder mixture 

, 750-C at a rate of 2»/minute in argon 

(c) Heat to 750 C . argon 
Hold for 8 hours dwell at 7bu 

(d) . Cool at a rate of 2»/minute 

(e) powderize pellet. 

EXAMPLE VII 

"*--«n3 Formation of LlFe..,Ca.. x P0 4 

Reaction J- 

(LiF ei . y Ca y P0 4 ) from Fe 2 0 3 

n 45 Fe0 3 + 0.1 Ca(OH) 2 + (NH«) 2 HP0 4 + 
.0.50 L1 2 C0 3 + 0.45 Fe 2 0 3 CQ + 2 NH 3 

.. 0.45C - LiFeo.^ao^PO. + 0.5 CQ 2 + 

1.6 H 2 0 
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(a) Pre-mix reactants in the following proportions 

0.50 mol Li 2 C0 3 = 36.95g 

0.45 mol Fe 2 0 3 = 71.86g 

0.10 mol Ca(0H) 2 = 7.41g 

5 1.00 mol (NH 4 ) 2 HP0 4 = 132. 06g 

0.45 mol carbon = 5.4 0g 

. (10 0% excess carbon - 10.80g) 



(b) Pellet ize powder mixture 



10 (c) Heat to 750°C at a rate of 2°/minute in argon. 

Hold for 8 hours dwell at 750 °C in argon 

(d) Cool at a rate of 2° /minute 



(e) Powderize pellet. 



EXAMPLE VIII 



15 Reaction 4 . Formation of LiFeo.9Zno.iPO4 

(LiFe 1 . y Zn y P0 4 ) from Fe 2 O a . 

0.50 Iii 2 C0 3 + 0.45 Fe 2 0 3 + 0.033 Zn 3 (P0 4 ) 2 + 

0.93 3 (NH 4 ) 2 HP0 4 + 0.45 C - LiFe 0 . 9 Zn 0 . 1 PO 4 + 0.50 C0 2 + 

0.45 CO + 1.866 NH 3 + 1.2 H 2 0 

2 0 Pre-mix reactants in the following proportions 

0.50 mol Li 2 C0 3 = 36.95g 

0.45 mol Fe 2 0 3 = 71.86g 

0.033 mol Zn 3 (P0 4 ) 2 = 12 . 74g 

0.933 mol (NH 4 ) 2 HP0 4 = 123. 21g 
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0.45 mol carbon 



„ oar bon - 10.80g) 
(100% excess caroon 



10 



5.40g 



tb) palletize powder mixture 

rate of 2°/minute in argon. 
Tcn 0 r at a rate <jj- . 
(c) Heat to 750 o 750 °C in argon 

. Hold for 8 hours dwell at _ 



(d) . Cool at a rate of ■ ^ 



(e 



) powderize pellet. 



15 



EXftMPLE IX 

. . Formation of ga^a-LiV^ (V) 

Reaction s . 

' 9 c c - LiV 2 O s + 3/4 C0 2 
V2 0, + 0.5 Li 2 C0 3 + 0.25 C 

„ t * CO and Shiwinigan Black 

(carbon) usxng ball m ^ ^ ^ 

use a 25% weight excess of accordiri g 

taction amounts above. For ex 

to reaction above: 

181. 88g 

j 1 mol V 2 Os 

Need: 1 ™° 2 3 6.95g 

0.5 mol Li 2 C0 3 
• > 0.25 mol carbon 3.00g 

' (but use 25% excess carbon ~3.75g) 
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Pelletize powder mixture 

Heat pellet to 600°C. in flowing argon (or other 
inert atmosphere) at a heat rate of 
approximately 2°/minute. -Hold at 600°C for 
about 60 minutes. 

Allow to cool to room temperature in argon at 
cooling rate of about 2%ninute. 

Powderize pellet using mortar and pestle 

This reaction is able to be conducted at a ■ . • 
10 temperature in a range of about 400°C- to about 650°C in 
argon as shown, and also under other inert atmospheres 
such as nitrogen or vacuum. This reaction at this 
temperature range - is primarily C - C0 2 . Note that the 
reaction C -> CO primarily occurs at a temperature over 
15 about 650°C (HT, high temperature); and the reaction C 
CO z primarily occurs at a temperature of under about 
650 °C (LT, low temperature) . The reference to about 
650°C is approximate and the designation "primarily" 
refers to the predominant reaction thermodynamically 
20 favored although the alternate reaction may occur to some 
extent. 

EXAMPLE X 

Reaction 6. Formation of Li 3 V 2 (P0 4 ) 3 



(b) 
(c) 



(d) 



(e) 



25 



V 2 0 5 + 3/2 Li 2 C0 3 + 3(NH 4 ) 2 HP0 4 + C.- Li 3 V 2 (P0 4 ) 3 + 2 CO 
+ 3/2 C0 2 + 6 NH 3 + 9/2 H 2 0 
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Hall mill with 
*.« above using balJ- 
mix reactants aDov exc ess of 

) p r e-mxx re ^ % weight exce 

suitable media, 
carbon. Thus, 

181. 88g 

1 mol V 2 0 5 110 .84g 
. 3/2 mol Li 2 C0 3 

3 mol («H t ) 2 HP0 4 i2>Qi , 
1 mol .carbon 

5% excess carbon - »••«>.' 
(but use «« 

^.tiie P°« der I « ixt '" e 
tb) ^ lle " Ze 300 . c to remove. CO, 

(o) Heat peuet at ^ ^ „ eat in 

(f r« and " " g arg on> . cool to room 

■ an inert atmosphere (e.g. 

temperature. . 
(d) PO „oeri,e ano repelled 

( ■ a rate of • 

• mert atmosphere at a r 
, x Heat pellet m ^ert s at 

e) Hear v R5 o°Cv D« el1 f • 

2 °c/minute to 8-5U o 

. 850°C 

at a rate of 2°/minute 
(f) cool to roo, temperature at a . 

• in argon, 
powderize 

' *.« be conducted at a 

. Tn is reaction is able to ^ 95QOC in 

„ in a range of about atmospheres 
temperature m _ other in ert 

arqon as shown, and also tion temperature 

J as nitrogen or vacuum. - reaction is . 

SU than about 610°C. ensures 

greater than a 
primarily carried out. 
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Characterization of Active Materials 
and Formation and Testing of Cells 

Referring to Figure 1, the final product 
LiFeP0 4/ prepared from Fe 2 0 3 metal compound per Reaction 
5 1 (b) , appeared brown/black in color.. This olivine 
material product included* carbon that remained after 
reaction. Its CuKa x-ray diffraction pattern contained 
all of the peaks expected for this -material as shown in 
Figure .1. The pattern evident in Figure 1 is consistent 

10 with the single phase olivine phosphate, LiFeP0 4 . This 

■ is evidenced by the position of the peaks in terms of the 
scattering angle -2 6 (theta) , x axis. The x-ray pattern 
showed no peaks due to the presence of precursor oxides 
indicating that the solid state reaction is essentially 

15 . entirely completed. Here the space group SS = prima (62) 
and the lattice parameters from XRD refinement are 
consistent with the olivine structure. The values are a 
« 10. 2883A (0.0020) , b= 5.9759 (0.0037), c=4.6717A 
(0.0012) 0.0072, cell volume « 287.2264A 3 (0.0685). 

20 Density, p = 3.605 g/cc, zero = 0.452 (0.003). Peak at 
full width half maximum, PFWHM « 0.21. Crystallite, size 
from XRD data = 7 04A. 

The x-ray pattern demonstrates that* the product 
of. the invention was indeed the nominal formula LiFeP0 4 . 

25 The term "nominal formula" refers to. the fact that the 
relative proportion of atomic species may vary slightly 
on the order of 2 percent to 5 percent, or more 
typically, 1 percent to 3 percent, and that some portion 
of P may be substituted by Si, S or As; and some portion 

30 of O may be substituted by halogen, preferably F. 
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The LiFePO,, prepared as described immediately 
electrochemical cell. The 
ab ove, was tested in an alec bed above , us in g 

nrtqitive electrode was prepared as 

positive ex positive electrode 

iq rwr of active material. f 

h on a weight % basis, 85% active material, 10% 
5 contained, on a electrode was 

. carbon black, and 5% EPDM. . weight ratio 

metallic lithium. The electrolyte was a 2.1 9 
rr/e o, ethylene -rbonate and dimethyl — 
w ithin which -a -d - - J s „ lth 

10 cycled between about 2.b ana 

performance as shown in Figures 2 and 3 . 

Pigure 2 shows the results of the first 

- ta nt current cycling at 0.2 milliamps per square 

• constant current y based upon 

centimeter between ^ " ^ active material in the 

15 ab out 19- -^-^^^ an as pr e P ared, as 
cathode (positive electrode) . ve electrode 

assembled, initial condition, the positiv 

Ttive material is «- ^^"^^ 

from the ™ ™il^ been removed per 

20 charged, about 0.72, unit . h . Doalt ive electrode 

. formula unit. ^ ^ , » heM „pp M , 

^^T*i»l corresponds to «f ^4 

actlve -terial co P ^ material 1S 

to be equal to about extraC tion represents 

at 4.0 volts versus Li/Li . Tn corre s P onding 
. a. milliamp hours per gram con f 

25 approximately 123 milli p ^iligrams active 

^ 4-' o i milliamp hours based on 
to about 2.3 milli P disoharged Mh ereupon a 

material. ' into the LiFeK,.. The 

quantity of lithium is re in niiliamp 
le-insertion corresponds to approximately Ml 

„.r aram proportional to the insertion of 
30 ^rr^lVth. lithium. The bottom of the curve 
essentially an oi. „ rtl 4.. The total 

• corresponds to approximately 2.5 volts. 
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cumulative capacity demonstrated during the entire 
extraction-insertion cycle is 244mAh/g. 

Figure 3 presents data obtained by multiple 
constant current cycling at 0.2 milliamp hours per square 
5 centimeter of the LiFeP0 4 versus lithium metal counter 
electrode between 2.5 and 4.0 volts. Data is shown -for 
two temperatures, 23°C and 60°C. Figure 3 shows the 
excellent rechargeability of the LiFe<P0 4 cell/ and also 
shows good cycling and capacity of the cell. The 
10 performance shown after about 190 to 200 cycles is good 
and shows that electrode formulation is very desirable. 

Referring to Figure 4, there is ■ shown data' for 
the final product LiFe 0 . 9 Mg 0 , 1 PO 4f prepared from the metal 
compounds Fe 2 0 3 and Mg(OH) 2 - Mg(OH) 2/ per Reaction 2(b)-. 

15 Its CuKa x-ray diffraction pattern contained all of the 
peaks expected for this material as shown in Figure 4. 
The pattern evident in Figure 4 is consistent with the 
single phase olivine phosphate compound, LiFe 0#9 Mg 0<1 PO 4# 
This .is evidenced by the position of the peaks in terms 

20 of the scattering angle 2 0 (theta) , x 'axis . The x-ray 

pattern showed no peaks due to the presence of precursor 
oxides indicating that the solid state reaction is 
essentially entirely • completed. Here the space group SG 
= Pnma (62) and the lattice parameters from XRD 

25 refinement are consistent with the olivine structure. 
The values are* a = 10.2688A (0.0069), b = 5.9709A 
(0.0072), c = 4.6762A (0.0054), cell volume = 286.7208A 
(0.04294), p = 3.617 g/cc, zero = 0.702 (0.003), PFWHM = 
0.01, and crystallite = 950A. 

30 The x-ray pattern demonstrates that the product 

of the • invention was indeed the nominal formula 
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fact that the relative P ^ 5 psroent , or 

va ry slightly on the order of P ^ ^ ^ some 
mote typ ically. 1 „ hile mai ntaining the 

5 ■ substitution of P ana 

' basic olivine structure. 

. immediately above, was as desC ribed above, 

- posit r oil": ::rr - 

10 irt-r^e electrode a. ^^E^ 
prepared as described earlier and 

i The cell was between about 

— S she. T ;-r i ;air^are 
constant current cycling at . ^ ^ ^ 

centimeter between about 2. 

about 18.9 milligrams. c£ th ' _ „ an a s 

serial in the cathode the positive 

20 prepared, -"-^^^Z^- - lithium 
e-t^ ^-^ during chared of 

is extracted from ^ units of 

th e cell. «»en about 
lithium have been removed f ^ aotlve ^^al 
25 Conseguently. the positive elect ^ ^ ^ 

corresponds to ^° de material is at 4,0 volts 

" abOUt .° /L 8 :' te etraction represents app-imately 
versus bi/bi - The „ am corresponding to about 2 . 8 
150 milliamp hours per gram c P ^ 
30 milliamp hours based -"^^ . qua ntity of 

Nex :-. th : 3 oe rt-i^r the • - - 

lithium xs re m=> 
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insertion corresponds to approximately 14 6 milliamp hours 
per gram proportional to the insertion of essentially all 
of the lithium. The bottom of the curve corresponds to 
approximately 2.5 volts. The total cumulative specific 
5 capacity over the entire cycle is 296. mAhr/g. This 
material has a much better cycle profile than the 
LiFeP0 4 . Figure 5 (LiFe 0 . 9 Mg 0<1 PO 4 ) .shows a very well - 
defined and sharp peak at about 150 mAh/g. In contrast, 
Figure 2 (LiFeP0 4 ) shows a* very shallow slope leading to 

10 the peak at about 123 mAh/g. The Fe-phosphate (Figure 2) 
provides 123 mAh/g compared to its theoretical capacity 
of 170 mAh/g. This ratio of 123/170, 72% is relatively 
poor compared to the Fe/Mg-phosphate. The Fe/Mg- 
phosphate (Figure 5) provides 150 mAh/g compared to a 

15 theoretical capacity of 160, a ratio of 150/160 or 94%. 

Figure 6 presents data obtained by multiple 
constant current cycling at 0.2 milliamp hours per square 
centimeter of the LiFeo.9Mgo.iPO4 versus lithium metal 
counter electrode between 2.5 and 4.0 volts. Figure 6 

20 shows the excellent rechargeability of the 

Li./LiFe o . 9 Mg 0 .iPO 4 cell, and also shows good cycling - and 
capacity of the cell. The performance shown after about 
150 to 160 cycles is very good, and shows that electrode 
formulation LiFe 0 . 9 Mg 0Bl PO 4 performed significantly better 

25 than the LiFeP0 4 .* Comparing Figure 3 (LiFeP0 4 )'to Figure 
6 (LiFeo.9Mgo.1PO4) it can be seen that the Fe/Mg-phosphate 
maintains its capacity over prolonged cycling, whereas 
the Fe-phosphate capacity fades significantly. 

. Figure 7 shows, the results of the first 
30 constant current cycling at 0.2 milliamps per square 
centimeter between about 2 . 5 and 4 . 0 volts based upon 
about 16 milligrams of* the LiFeo.3Mgo.2PO4 active material 
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^ in an as prepared, 
. tne cathode (Positive electrode! , eiectrode 
in the ca condition, tne P 

= assembled, initial lithium is 

"five — 1 iS UFe "Clo.'aLin g charging °f the 
exacted from the ^-f ^ 0 . 79 units 
e \, Mh en fully charged, abo con3eq uently, the 

5 ceI1- j ne r formula unit. 

haoe been removed per Responds to 

positive electrode be eq »al to about 0.79. 

• U.e> g ..^where , app-s ^ ^ ^ 

• when t he cathed, » y 140 mi iUamP he- pe^g 

10 The extractxon appr hours based 

corresponding to ab° - the cell rs ax 

digrams active -te»al.^ ^ ^ into the 

hereupon * ^'^ertion »-^ rtloMl to 
Li Fe„..Mg..^ 0 '- T f . lliaI „p hours per gram proPbt 
t5 approximately 122 all of t ne lithium- The 

" Z insertion - -^ nd3 t0 aPP--^^ 
^ CUrcumulative specific capaoxty 
Ilfire cycle is 2.2 m>hr/g. 



20 



25 



30 



entire w 

* <= shown data j-'-' 
a there is suw 
Referring to Figure - £ rom Fei 0, and 

tb e final product x _ ray diffraction 

„ ,nm by Reaction 3. I" expe cted for this 

C a(0H) 2 by all of the peaks ^ t in 

pattern contamea 8> Tn e pattern ev 

Material as shown in ^ pnase oiivm, 

8 is consistent with ^ ^ evidenced by 

v.\ e compound, LiFeo.sCao,!^' sca ttering . 

phosphate- comp ^ terffiS o£ the ^ 

the position of ; he x P axis . The *-ra, 
TaKs due to the presence of P-^ enti rely 
P : a t bte solid state reaotxon (62) and the 

^ted. -r Pa ^:"— are consistent 

latt ice Parameters from ^ ^ ^ 



lattl=a pa« es are a 

Mith olivxne. 
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6.0042A (0.0031), c = 4.6887A (0.0020) , cell volume = ' 
290.6370A (0.1807), zero =0.702 (0.003), p '= 3 . 62 g/cc, 
PFWHM = 0.18, and crystallite = 680A. The x-ray pattern 
demonstrates that the product of the invention was indeed 
5 the nominal formula LiFe 0 ; 9 Ca 0 . 1 PO 4 . 

Figure 9 shows the results of the first 
constant current cycling at 0.2 milliamps per square ' 
centimeter between about 2.5 and 4.0 volts based upon 
about 18.5 milligrams of the' LiFeo. 8 Ca 0 . 2 P0 4 active 

10 material in the cathode (positive electrode) . In an as 
prepared, as assembled,, initial condition, the positive 
electrode active material is LiFe 0 . 8 Ca 0 , 2 PO 4 . The lithium 
is extracted from the LiFe 0 . 8 Ca 0 . 2 PO 4 during charging of 
the cell. When fully charged, about 0.71 units of 

15 lithium have been removed per formula . unit . 

Consequently, the positive electrode active material 
corresponds to LiFe 0 . 8 Ca 0 . 2 PO 4 where x appears to be equal 
. to about 0.71, when the cathode material is at 4..0 volts 
versus Li/Li + . The extraction represents approximately 

20 123 milliamp hours per gram corresponding to about 2.3 

•milliamp hours based on 18.5 milligrams active material. 
-Next, the cell is discharged whereupon a quantity of 
lithium is re-inserted into the LiFe 0 . 8 Ca 0 . 2 PO 4 . The re- 
insertion corresponds to approximately 110. milliamp hours 

25 per gram proportional to the insertion of nearly all of 
the lithium. The bottom of the curve corresponds to 
approximately 2.5 volts. The total specific cumulative 
capacity over the entire cycle is. 233 mAhr/g. 

Figure 10 shows the results of the first 
30 constant current cycling at 0.2 milliamps per square 
centimeter between about 2.5 and 4.0 volts based upon 
about 18.9 milligrams of the LiFe 0 . B Zn 0 . 2 PO 4 olivine active 
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in an as 

■ Hve electrode) . 
cathode (positive positive 

-" rial "3 assayed. ^ C ° nditi ; Prepared *r- 
cell. wnei . formula unit. 

have been "^J^ ferial corresponds to ■ 
positive electrode ac ^ ^ equal .to abc 

■ r e0.8an0.2PO4 where X apP ^ , e£SOS Li/ 

" ,-athode material is at „uliarop 

10 *» the cath s approximately ^ 

: ™ "I corresponding to shout 2-3 ^ ^ 

hours per ^ ^ active mater^ ^ ^ 

ba5 ed on 18-9 , ^tity of 

15 insert approximately ^ 

corresponds to a P P of nearly all 

. r,^ to the insert ^responds to 

Uthiu- ^e 



litniu»- - 
approximately 2-5 V 

U the final product 

KeferrinS to blaok in color 

. v0 prepared- by faction 5 aPP ^ of tbe 

LlVPs. P r * ,, ££r aetion pattern »igor« W- 
Tts cuKc x-ray W» ....rial as shown in lag- 

ea*s expected for this materia . nsistent with a 

' attern evident in H«— " " Tfais ls evidenced hy 
T he pattern , am a-LxV l0s . » 

siMle oxrde comp ^ terma o£ the ^ 

the position of th P ^ x . iay pattern ng 

— 2 6 tote Uselce o £ ^^ ly 
Crriitite reaction is essential V 



20 



25' 



30 completed . ^ ^ . product 

o£ the invention was mde 
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LiV 2 0 5 . The term "nominal formula" refers to the fact 
that the relative proportion of atomic species may vary 
slightly on the .order of 2 percent to 5 percent, or more 
typically, 1 percent to 3 percent. 

5 The LiV 2 0 5 prepared as described immediately 

above, was tested in an electrochemical cell. The cell 
was prepared as described above and cycled with . 
performance as shown in Figures 12 and 13. 

Figure 12 shows the results of the first 

10 constant current cycling at 0.2 .milliamps per square 
centimeter between about 2.8 and 3.8 volts b.ased upon 
about 15.0 milligrams of the LiV 2 O s active material in . 
the cathode (positive electrode). In an as " prepared, as 
assembled, initial condition, the positive electrode 

15 active material is LiV 2 O s ., The lithium is extracted from 
the LiV 2 0 5 during charging of the cell. When fully 
charged, about 0.93 unit of lithium had been removed per 
formula unit. Consequently, the positive electrode 
active material corresponds to Li^V^s where x" appears to 

2 0 be equal to about 0.93., when the cathode material is at • 
3.8 volts versus Li/Li + . The extraction represents 
approximately 132 milliamp hours per gram corresponding 
to about 2.0 milliamp hours based on 15.0 milligrams 
active material. Next, the cell i$ discharged whereupon 

25 a quantity of lithium is re-inserted into the LiV 2 O s . The 
re-insertion corresponds to approximately 130 milliamp 
hours per .gram proportional to the insertion of 
essentially all of the lithium. The bottom of the curve 
corresponds to approximately 2 . 8 volts . 

30 Figure 13 presents data obtained by multiple 

constant current cycling at 0.4 milliamp hours per square 



PCTAJS00/35302 

WO 01/54212 

52 . 

lithium metal 

tw o temperature ^ „ iw>r . 13* 

, , i o a two P& rT - y . „ _ Figure 13 B 

Figure 13 is ^ Ll v 2 o 5 . . 

.14 the final product 
Referring to »W d gEe en/blacK 

10 " ^Ttne pel,, ejected for tnia ^ g 

311 °. 14 The pattern evident in ^ o£ 

with a single phosphat £~ ed by the 

COTS1S on o=Unic, «asicon phase. «^ ng angl e 2 

^ Cot o f ^e Pea^ in «^ sh owed no P ea*s due 

15 position o x _ ray pa ttern t the 

6 lth8ta> ' e noe of precursor oxides 

to the presence P entlaUy entirely 

vfprn . demonstrates 
The x-ray pattern . _ f oria ula 

£ the invention was indeed the - - ^ ^ ^ 
20 ° £ the 1 terB "nominal f°rmu ■ may vary 

Li ' V8(E0,> Velative proportion of or more 

. that the relate g t o 5 P . on 

slightly on the rce nt; and that 

typically 1 P« cent 
, ^ occur. 
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of P and O may occur 
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d0mW das descrihed immediately 

^^^chemical cell- the cell 
wa s tested in an ele ^ of act! 

abo ve, was ibed . above, usm I above an d . 

waS prepared as ^ ^ d s cr ^ ^ 

matenal. ™ about 4.2 v g 

E VS technique w 
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17. Figure 16 shows specific capacity versus electrode 
potential against Li. Figure 17 shows differential 
capacity versus electrode potential against Li. 

A comparative method was used to form 
5 Li 3 V 2 (P0 4 ) 3 . Such method was. reaction without carbon and 
under H 2 -reducing gas as described in U.S.. Patent- No. 
5,871,866. The final product, prepared as per U.S. 
Patent No.. 5,871,866 f appeared green in color. Its CuKa 
x-ray diffraction pattern contained all of the peaks 

10 expected for this material* as shown in Figure 15. The 
pattern evident in Figure 15 is consistent with a 
monoclinic Nasicon single phase phosphate compound 
Li 3 V 2 (P0 4 ) 3 . This is evidenced by the position of the 
. peaks 'in terms of the* scattering angle 2 9 (theta) , x 

15 axis. The x-ray. pattern showed no peaks due to the 

presence of precursor oxides indicating that the solid 
state reaction is essentially entirely completed. 
Chemical analysis for lithium and vanadium by -atomic 
absorption spectroscopy showed, on a percent by weight 

20 basis, 5.17 percent lithium and 26 percent vanadium. This 
is close to. the expected result of 5.11 percent lithium 
and 25 percent vanadium. 

The chemical analysis and x-ray patterns of 
Figures 14 and 15 demonstrate that the product of Figure 
25 14 was the same as that of Figure 15. The product of 
Figure 14 was prepared without the undesirable H 2 
atmosphere and was prepared by the novel carbothermal 
solid state synthesis of the invention. 



Figure 16 shows a voltage profile of the test 
30 cell, based on the Li 3 V 2 (P0 4 ) 3 positive electrode active 
material made by the process of the invention and as 
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14 it was cycled against a 
charactered in T he data s.own m 

. lit hium -tal counter el ochemical voltage 

Fig ure 16 is based. on the tEOChemi cal and 
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n a ta were recorded using . technique is. 

5 """I spectroscopy ^ ^T'JZ i» W** 
WltMB X art as described by »• , ouer 
known m the a 43 (198 y, 

28 D217 (1989)' Synth- Met mica Acta, Vol- 

s 52, 185 (1994); and Elec ^ and 
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10 hghU^ 

electrode contained about ' electrode 
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shows the excellent rechargeability of the 
Li/LiFe 0 . 8 Mg 0#2 PO 4 cell, and also shows good cycling and 
capacity of the cell . The performance shown after about 
110 to 120 cycles at 23°C is very good and shows that 
5 electrode formulation LiFeo.3Mgo.2PQ4 performed 

significantly better than the LiFeP0 4 . The cell cycling 
test at 60°C was started after the 23°C test and was 
ongoing. Comparing Figure 3 (LiFeP0 4 ) to Figure 18 
(LiFe 0 . 8 Mg 0 . 2 PO 4 ) , it can be seen that the Fe/Mg-phosphate 
10 maintains its capacity over prolonged cycling, whereas 
the Fe-phosphate capacity fades significantly. 

In addition to the above cell tests, the active 
materials of the invention were also cycled against ■" 
insertion anodes in non-metallic, lithium ion, rocking 
15 chair cells . 

The lithium mixed metal phosphate . and the. 
lithium metal oxide were used to formulate a cathode 
electrode. The electrode was fabricated, by solvent 
casting a slurry of the treated, enriched lithium 

20 manganese oxide, ' conductive carbon, binder, plasticizer 

and. solvent. The conductive carbon used was Super P (MMM 
Carbon). Kynar Flex 2801® was used as the binder and 
electronic grade acetone was used as a solvent. The 
preferred plasticizer was dibutyl phthalate (DPB) . The 

25 slurry was cast onto glass and a free-standing electrode 
was formed as the solvent was evaporated. In this 
example, the cathode had 23.1mg LiFe 0 . 9 Mgo.iP°4 active 
material. . Thus, the proportions . are as follows on a 
percent weight basis: 80% active material; 8% Super P . 

30 carbon; and 12% Kynar binder. 
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with EC/DMC solvent in a weight ratio of 2:1 in a 
solution containing 1 M LiPF 6 salt. 

Figures 19 and 20 show data for the first four 
complete .cycles of the lithium ion cell having the 
5 LiFe 0>9 Mg 0>1 PO 4 cathode, and the MCMB2528 anode. The cell" 
comprised 23. lmg active LiFeo.9Mg-Q.iPO4 and 10.8mg active 
MCMB2528 for a cathode to anode mass ratio of 2.14. The 
cell was charged and discharged at 23°C at an approximate 
C/10 (10 hour) rate between voltage limits of 2.5*0 V and 

10 3.60 V. The voltage profile plot (Figure 19) shows the 
variation in cell voltage versus time for the 
LiFe 0<9 Mg 0<1 PO 4 /MCMB2528 lithium ion cell. The. symmetrical 
nature of the charge-discharge is clearly evident. .'The 
small degree of voltage hysteresis between the charge and 

15 , discharge processes is evidence for the low overvoltage 
in the system, which is very good. Figure 20 shows the 
variation of LiFeo.9Mgo.iPO4 specific capacity with cycle ■ 
number. Clearly, over the cycles shown, the material 
demonstrates good cycling stability. 

20 Figure 21 shows data for the first three 

complete cycles of the lithium ion cell having the gamma- 
LiV 2 0 5 cathode and the MCMB2528 anode.- The cell prepared 
was a rocking chair, lithium ion cell as described above . 
The cell comprised 2 9. lmg gamma-LiV 2 0 5 cathode active . 

25" material and 12.2mg MCMB252 8 anode active material,, for a 
cathode to anode maas ratio of 2.39. As stated earlier, 
the liquid electrolyte used was EC/DMC (2:1) and 1M 
LiPF 6 . The cell was charged and discharged at 23°C at an 
approximate C/10 (10 hour) rate, between voltage limits of 

30 ,2.50 V and 3.65 V. The voltage profile plot (Figure 21.) 
shows the variation in cell voltage versus time for the 
LiV 2 0 5 /MCMB2528 lithium ion cell.' The symmetrical, nature 
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from the precursor. The methods described with respect to 
the present invention provide high quality products which 
are prepared from precursors which are lithiated during 
the reaction without oxygen abstraction. This is a 
5 surprising result. The new methods of the invention also 
provide new compounds not- known to have been made before. 

For example, alpha-V 2 0 5 is conventionally 
lithiated electrochemically against metallic lithiuml 
Thus, alpha-V 2 0 5 is not suitable as a source of lithium 

10 for a cell. As a result, alpha-V 2 0 5 is not used in an- 
ion cell. In the present invention, alpha-V 2 0 5 is 
lithiated by carbothermal reduction using a simple 
lithium-containing compound and the reducing capability 
of carbon to form a gamma-LiV 2 0 5 . The single phase 

15 compound, gamma-LiV 2 0 5 is not known to have . been directly 
. and independently prepared before. There is not known to 
be a direct synthesis route. Attempts to form it as a 
single phase resulted in. a mixed. phase product containing 
one or more beta phases and having the formula Li x V 2 0 5 

20 with 0 < x £ 0.4 9.. This is far different from the . 

present single phase gamma-Li x V 2 0 5 with x equal to one, or 
very close to one. The flexibility of the process of the 
present invention is such that it can be conducted over a 
wide temperature range. The higher the temperature, the 

25 more quickly the reaction proceeds. For example, at 

650°C, conversion of -alpha-V^s to gamma-LiV 2 0 5 occurs in 
about one hour, and at 500° it takes about 8 hours. 
Here, about one quarter (1/4) atomic unit of carbon is 
used to reduce one atomic unit of vanadium, that is, 

30 v +5 V +5 to V^V* 4 . The predominate reaction is C to C0 2 
where for each atomic unit of carbon at ground state 
zero, a plus 4 oxidation state results. Correspondingly, 
for each 1/4 atomic unit of carbon, one atomic unit, of 
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* V to V". (See Reaction 5) . 
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The active materials of the invention are also 
characterized by being stable in an as-prepared • 
condition, in the presence of air and particularly humid 
air. This is a striking advantage, because it 
5 facilitates preparation of and assembly of battery 
cathodes and cells, without the requirement for 
controlled atmosphere. This feature is particularly 
important, as those ' skilled in the art will recognize 
that air stability, that is, lack of degradation on 
10 exposure to air, is very important for commercial 

processing. Air-stability is known in the art to more 
specifically indicate that a material does not hydrolyze 
in presence of moist air. Generally, air-stable 
materials are also characterized by Li being extracted 
15 therefrom above about 3.0 volts versus lithium. The 

higher the extraction potential, the more tightly bound 
the lithium ions are to the host, lattice. This tightly 
bound property generally confers air stability on the 
material. The air-stability of the materials of the 
20 invention is consistent with the stability demonstrated 
by cycling at the conditions stated herein. This is in 
contrast .to materials which insert Li at lower voltages, 
below about- 3.0 volts versus lithium, and which are not 
air-stable, and which hydrolyze in moist air. 

25 While this invention has been described in 

terms of certain embodiments thereof, it is not intended 
that it be limited to the above description, but rather 
only to the extent set forth in the following claims. 

The embodiments of the invention in which an 
30 exclusive property or privilege is claimed are defined in 
the following claims. 
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3 . T he compound of claim x 
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„ ftf claim 1 having the nominal 
4 . The compound of claim 

formula LiFe„. s Mgo.i p0 «- 

„ of claim 1 having the nominal 
5 . The compound of claim x 

formula LiFe 1 . y Ca y P0 4 . 

a of claim 1 having the nominal 
6 . The compound of claim 

formula LiFeo.5Cao.iPO4. 

x of claim 1 having the nominal 
7 _ The compound of claim 

formula LiFe 1 . y Zn y P0 4 . 

a of claim 1 having the nominal 
8 . The compound of claim 

formula LiFe 0 . 9 Zn 0 .!PO 4 . 

, , daim 1 which has an 
9> The compound of claim 

olivine structure. 

, having the nominal general 
10 . A compound having ^ ^ ^ 

f ormula LiMI^H^ where MI is 
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consisting of Fe, Co, Ni, Mn, Cu, V, Sn ; Ti, Cr, and 
mixtures thereof, and Mil is selected from the group 
consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be, and 
mixtures thereof, and where y is greater than zero and 
less than one . 

11. An olivine compound having the nominal 
general, formula LiMI 1 ^ y MII y P0 4 where MI is at least one 
transition metal selected from Groups 4 to 11 inclusive 
of the Periodic Table and has a +2 valence state, Mil is 
at least one metallic element which is selected from 
Groups 2, 12, and 14 of the Periodic Table and has a +2 
valence state, and where 

0 < y < 1 . 

12. The compound of claim 11 wherein MI is 
selected from the group consisting of V, Cr, Mn, Fe, Co, 
Cu, and mixtures thereof. 

. 13 . The compound of claim 11 wherein Mil is 
selected from the group consisting of Mg, Ca, Ba, Zn, and 
mixtures ' thereof . 

14. An electrode comprising a binder, an 
electrically conductive carbonaceous material, and an 
active material represented by the nominal general 
formula LiFe 1 _ y M y P0 4 where p < y < 0.5 and M is at least 
one selected from the group consisting of Mg, Ca, Zn, Sr, 
Pb, Cd, Sn, Ba, Be, and mixtures thereof. 

15 . The electrode of claim 14 wherein said 
active material is a compound where O < y <> 0.2. 
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selected from Groups 2, 12, and 14 of the Periodic Table 
and has a +2 valence state, and where 0 < y < 1. 

24. The electrode of claim 23 wherein MI is 
selected from the group consisting of V, Cr, Mn, Fe, Co, 
Cu, and mixtures thereof. 

25. The electrode of claim 23 wherein Mil is 
selected from the group consisting of Mg, Ca, Ba, Zn, and 
mixtures thereof . 

26. A lithium ion battery comprising: 
a first electrode having an active 

material represented by the nominal general formula 
LiFe 1 ^ y M y P0 4 where O < y < 0 . 5 and M is at least one 
selected from the group consisting of Mg, Ca, Zn, Sr, Pb, 
Cd, Sn, Ba, Be, and mixtures thereof; 

a second electrode which is a counter- 
electrode to said first electrode; and 

an electrolyte between said electrodes . 

27. The battery of claim 26 wherein said 
active material is a compound where O < y < 0.2. 



28. The battery of 
active material is a compound 
LiFe 1 . y Mg y P0 4 . 

29. The battery of 
active material is a compound 
IiiFe 0 . jMgo^POf. 



claim 2 6 wherein said 
having the nominal formula 

claim 2 6 wherein said 
having the nominal formula 
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* claim 26 wherein saxd 
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36. The battery of claim 35 wherein MI is 
selected from the group consisting of V, Cr, Mn, Fe, Co, 
Cu, and mixtures thereof. 

37. The battery of claim 35 wherein Mil is 
selected from the group consisting of Mg, Ca, Ba, Zn, and 
mixtures thereof . 

38. A compound represented by the nominal 
formula LiV 2 O s and having an orthorhombic crystal 
structure with a = 9 . 7 ± 0.2A, b = 3 . 6 ± 0 . 2k and c = 
10.6 ± 0.2A. 

39. The compound of claim 3 8 which is prepared 
by reacting vanadium pentoxide and lithium compound in 
the presence of carbon at an elevated temperature 
sufficient to form said single phase compound. 

40. An electrode comprising a binder, an 
electrically conductive carbonaceous material and an 
active material which is a compound represented by the 
nominal general formula LiV 2 0 5 and having an orthorhombic 
crystal structure with a = 9.7 ± 0.2A, b = 3 . 6 ± 0.2A 
and c = 10.6 ± 0.2A. 

41. A lithium ion battery comprising: 
a first electrode having an active 

material which is a compound represented by the nominal 
formula LiV 2 O s and having orthorhombic crystal structure 
which a = 9.7 ± 0.2A, b = 3.6 ± O.2A and c = 10.6 ± 
0.2A; 

a second electrode which is a counter- 
electrode to said first electrode; and 

an electrolyte between said electrodes . 
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Electrodes comprising said compounds, a binder and an 
electrically conductive carbonaceous material. 
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counterelectrode and an electrolyte. 



2. Claims: 38-41 

A compound L1V205 with an orthorhombic crystal structure 
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Electrodes comprising said compound, a binder and an 
electrically conductive carbonaceous material. 

Li ion batteries comprising said electrodes, a 
counterelectrode and an electrolyte. 
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